In the present work, nanoscale spherical MnO 2 was prepared by hydrothermal method and used as precursor. Because it has stable crystal structure and the particles are smaller (about 160 nm). After 100 cycles at 0.5 C rate, the discharge capacity of LiNa 0.06 Mn 1.94 Fe 0.06 O 4 was 108.0mAh/g, while that of LiMn 2 O 4 was only 92.2mAh/g. Their retaining capacities were 90.91% and 74.12%, respectively. At 10 C rate, the former has better discharge (34.3mAh/g) than that of the latter. This paper also shows that the composite doping of Na + and Fe 3+ has a positive effect on the Li + diffusion coefficient and charge transfer resistance.
INTRODUCTION
Nowadays, as the key power supply for laptops, smart phones and digital cameras, lithium-ion batteries have become one of research hot spots. Compared with lead-acid batteries and Ni-MH batteries, lithium-ion batteries have many advantages such as high working voltage, high energy /density, long cycle life and no memory effect [1] [2] [3] . As the cathode materials in lithium-ion batteries, LiCoO 2 has been studied for a long time. However, it has poor safety, high pollution and high price [4] [5] [6] [7] . Cathode materials, such as LiNiO 2 , LiMn 2 O 4 and LiFePO 4 , have been studied recently [8] [9] [10] [11] . LiMn 2 O 4 , which takes place of LiCoO 2 and applied to business, is considered to be the cathode materials due to its low cost, environmental performance and high safety. However, its capacity attenuates seriously during the charge-discharge process [12] [13] [14] [15] [16] as a result of the dissolution of Mn in electrolyte, the decomposition of electrolyte and Jahn-Teller effect.
At present, in order to solve the problem about the serious capacity attenuation of LiMn 2 O 4 , researches are focusing on the following aspects: improving synthesis method, doping and coating. Some transition elements or rare earth elements, such as Fe, Al, Mg, Cu, Zn, Ni, Cr and Co [17] [18] [19] [20] [21] [22] , can be used to cationic doping. The introduction of Na + replaces the part of Li + in the 8a position of tetrahedron [23] . And then the intercalation/deintercalation of Li + during the charge-discharge process prevents the collapse of the structure caused by the lattice shrinkage and expansion. Therefore, it can reduce the dissolution of Mn 3+ during the charge-discharge process and improve the capacity to some extent. After the introduction of Fe, Fe 3+ will take the place of some Mn 3+ , causing the loss of partial capacity. Meanwhile, as the improvement of average valence of Mn, the dissolution of Mn 3+ and the Jahn-Teller distortion effect can be restrained. Therefore, the crystal structure of materials is more stable and the recycling performance of cathode materials can be improved [24] [25] . The nanometer spherical manganese dioxide was synthesized by hydrothermal method. The spiny spherical structure of MnO 2 had bigger surface area, thus enlarged the contact area with Li + dopants, and formed spherical products [26] [27] [28] [29] [30] . During the charge-discharge process, the intercalation/deintercalation behavior of Li ion could occur on the electrode surface. The bigger surface of the spherical LiMn 2 O 4 provided a larger area between cathode materials and electrolyte, and shortened the diffusion path of Li + , thus enhanced the utilization of active substance [31] [32] [33] . From the aspect of dynamic, spherical structure helped improve the intercalation/deintercalation behavior of Li + .
Moreover, spherical spinel lithium manganate had higher energy density and power density, thereby gave outstanding electrochemical performances [34] [35] [36] [37] [38] .
EXPERIMENT

Preparation of materials
MnSO 4 ·H 2 O, Na 2 S 2 O 8 and NH 4 Cl were weighed proportionally and dissolved in distilled water. At room temperature, the solution was stirred in a constant temperature magnetic mixer for a period of time till the solution became clear. Then the solution was transferred into a 100 mL PTFE inner tank and the tank was sealed in an autoclave. The autoclave was kept in an oven at 130℃ for 15 h and cooled naturally to room temperature. The solution was filtered and washed 3 times with deionized water and ethanol absolute, respectively. After the washing, the black deposit was dried at 90℃ for 18 h, and then MnO 2 precursor was gained.
According to the molar ratio of Li 2 CO 3 , Fe 2 O 3 , NaOH and MnO 2 precursor, three mixtures were gained. After grinded for a period of time in a agate mortar, ethanol absolute was added during the grinding. Then the three mixtures were put into a Muffle furnace and pre-sintered for 5 h at 500℃. After that, the three mixtures were grinded fully and sintered for 16 h at 750℃, and then cooled to room temperature, the three cathode materials (LiMn 2 
Structure characterization and electrochemical measurements
The X-ray small-angle diffraction spectra of the samples were obtained using a PANalytical X' Pert 3 Powder diffractometer with a PI Xcel detector. The X-ray generator was operated at 40 kV Active materials, PVDF and acetylene black were weighed at a mass ratio (8: 1: 1) and grinded for a period of time, then N-methyl-2-pyrrolidone was added. Finally, electrode slurry was gained. The slurry was spread on the aluminum foil homogeneously. The foil was dried for 16 h at 110℃ and cut into a wafer electrode (15 mm in diameter). A Li disk worked as negative electrode. Celgard2400 polypropylene microporous membrane was used as the diaphragm, and an electrolyte was composed of 1M LiPF 6 in a mixture of dimethyl carbonate (DMC)/ethylene carbonate (EC) (volume ratio of 1:1). They were assembled into button cells (CR2016) in a glove box filled with argon. To test the material's cycling and rate performances, Land CT2001A Battery Testing System was employed to characterize the charge-discharge property in the range of 3.0~4.4 V. Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were carried out in electrochemical workstation (CHI660A), respectively. Fig. 1(a) was the XRD pattern of MnO 2 and consistent with JCPDS Card No.24-0735, thus MnO 2 belonged to β type. Fig. 1(b) 3(a) showed the SEM images of the MnO 2 precursor. As no additive or adjuvant was used in the experiment, the reaction temperature and the rate of reaction were low. The steady reaction environment was beneficial for the agglomeration of crystal nucleus, which continued to form the slender nanometer sticks (shown in the top right illustration). The sticks radiated outwards from the center, thus the whole structure looked like a spiny sphere. The diameter of a nanometer stick was about 40 nm and the diameter of spiny sphere was about 4μm. Fig. 3(b), Fig. 3(c) and Fig.3(d) 
RESULTS AND DISCUSSION
Phase composition and morphology
Electrochemistry
Cycling performances of these three samples were presented in Fig. 4(a) 3+ and Na + enhanced not only in the initial discharge specific capacity of the sample, but also in the cycling performance of the materials. Fig. 4(b) , Fig. 4(c) and Fig. 4 [41] [42] [43] , and the polarization was the smallest. Fig. 4 (e) was the rate performance charts of these three samples. Table 3 was the discharge capacity of the three samples at different current rates. As seen from the It can be seen from As was seen from the figures, peak current (I p ) was linear with square root of sweep rate (υ 1/2 ).
According to the Randles-Sevcik equation [45] [46] [47] , the determined Li + diffusion coefficient was calculated (in Table 4 ). [48] [49] [50] . After fitting, all of the relevant figures were listed in Table 5 . As seen from Fig. 7(a) and Fig. 7(b) 
